Left ventricular hypertrophy (LVH) is associated with electric remodeling and increased arrhythmia risk, although the underlying mechanisms are poorly understood. In the experiments here, functional voltage-gated (Kv) and inwardly rectifying (Kir) K ϩ channel remodeling was examined in a mouse model of pressure overload-induced LVH, produced by transverse aortic constriction (TAC). Action potential durations (APDs) at 90% repolarization in TAC LV myocytes and QT c intervals in TAC mice were prolonged. Mean whole-cell membrane capacitance (C m ) was higher, and I to,f , I K,slow , I ss , and I K1 densities were lower in TAC, than in sham, LV myocytes. Although the primary determinant of the reduced current densities is the increase in C m , I K,slow amplitudes were decreased and I ss amplitudes were increased in TAC LV cells. Further experiments revealed regional differences in the effects of LVH. Cellular hypertrophy and increased I ss amplitudes were more pronounced in TAC endocardial LV cells, whereas I K,slow amplitudes were selectively reduced in TAC epicardial LV cells. Consistent with the similarities in I to,f and I K1 amplitudes, Kv4.2, Kv4.3, and KChIP2 (I to,f ), as well as Kir2.1 and Kir2.2 (I K1 ), transcript and protein expression levels were similar in TAC and sham LV. Unexpectedly, expression of I K,slow channel subunits Kv1.5 and Kv2.1 was increased in TAC LV. Biochemical experiments also demonstrated that, although total protein was unaltered, cell surface expression of TASK1 was increased in TAC LV. Functional changes in repolarizing K ϩ currents with LVH, therefore, result from distinct cellular (cardiomyocyte enlargement) and molecular (alterations in the numbers of functional channels) mechanisms. (Circ Res.
L eft ventricular hypertrophy (LVH) is an adaptive response of the myocardium to an increase in load. 1 LVH is seen in various disease states including hypertension and myocardial infarction, as well as in valvular and congenital heart diseases. 1 LVH is also observed in physiological states following rigorous, prolonged exercise. 2 Although physiological LVH does not confer increased morbidity and mortality, pathological LVH is consistently associated with prolongation of ventricular action potentials and alterations in the dispersion of repolarization, both of which result in electric instability and increase the propensity to develop lifethreatening arrhythmias. 3 Several lines of evidence suggest that these electric changes reflect, at least in part, alterations in the functioning of the K ϩ channels that underlie ventricular action potential repolarization. 3, 4 Various experimental models of LVH, [5] [6] [7] including pressure overload-induced LVH, 8, 9 have been developed to explore the mechanisms underlying K ϩ current remodeling.
Although several studies have examined regional differences in remodeling, 8 -11 few have probed the underlying molecular and cellular mechanisms. In the studies here, a mouse model of pressure overload-induced LVH, produced by transverse aortic constriction (TAC), was exploited to quantify the effects of LVH on repolarizing K ϩ currents in LV myocytes and to delineate the mechanisms underlying K ϩ current remodeling. These experiments revealed that APDs were prolonged in TAC LV myocytes and that QT c intervals were increased in TAC mice. Mean whole-cell membrane capacitance (C m ) was increased significantly, and the densities of voltage-gated K ϩ (Kv) and inwardly rectifying K ϩ (Kir) currents were reduced in TAC LV myocytes. Further electrophysiological, molecular, and biochemical analyses revealed marked regional differences in the effects of LVH and that distinct cellular and molecular mechanisms contribute to the functional remodeling of repolarizing Kv and Kir currents.
Materials and Methods
Animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals (NIH). Detailed methods are provided in the online data supplement at http://circres.ahajournals.org.
Induction of LVH
Pressure overload-induced LVH was produced in adult mice by TAC. 12 Sham-operated animals underwent surgery but without aortic constriction. Seven days after surgery, echocardiographic images were acquired and analyzed using described methods. 12, 13 
Electrophysiological Recordings
Electrocardiographic (ECG) recordings were obtained from anesthetized mice. 14 Myocytes were isolated from the LV (and RV), as well as from the epicardial (EPI) and endocardial (ENDO) LV surfaces, of sham and TAC hearts by enzymatic dissociation and mechanical dispersion using described methods. 15 Whole-cell membrane currents and action potentials were measured as previously described. 15
Quantitative RT-PCR
Total RNA from RV, LV, EPI, and ENDO was isolated and DNase treated using described methods. 16 RNA concentrations were determined by optical density measurements. TaqMan low-density arrays (Applied Biosystems) were used in a 2-step RT-PCR process as described previously. 16 The 96 genes selected for quantification (supplemental Table I ) encode 68 ion channel ␣, ␤, and regulatory subunits; 11 Ca 2ϩ homeostasis regulators; 6 transcription factors; 7 markers of vessels, neurons, fibroblasts, inflammation, and hypertrophy; and 4 controls. 17 Data were analyzed using the threshold cycle relative quantification method, with hypoxanthine guanine phosphoribosyl transferase (HPRT) as the endogenous control. Because hypertrophy is associated with a generalized increase in transcript and protein content without an increase in cell numbers, 18 transcript expression data determined in each sham and TAC (LV, EPI and ENDO) sample were multiplied by the LV mass to body weight ratio (LVM/BW) determined in the same animal.
The expression of genes encoding atrial natriuretic factor (ANF), ␤-myosin heavy chain (␤-MHC), and the 2-pore domain K ϩ (K2P) channel subunits TASK1, TASK2, and TREK1 was determined by SYBR green quantitative RT-PCR using sequence specific primers. Expression data were normalized to HPRT and to the measured LVM/BW.
Biochemical Analyses
Protein lysates were prepared from sham and TAC LV, EPI, and ENDO using described methods. 19 Biotinylation of isolated LV myocytes was used to examine cell surface protein expression. Protein quantification was performed with the BCA Protein Assay Kit (Pierce). Proteins were loaded on SDS-PAGE gels in amounts proportional to the relative LVM/BW in TAC and sham mice.
Statistics
Results are expressed as meansϮSEM. Statistical analyses were performed using the Student's t test. Multiple regression analysis was used to determine the significance of regional (EPI/ENDO) differences.
Results

Pressure Overload-Induced LVH
Preliminary echocardiographic experiments revealed that the extent/severity of LVH did not vary appreciably in mice examined 7 days to 3 months after TAC (not shown). Experiments here, therefore, were completed 7 days following surgery. Reduced chamber volume and increased anterior and posterior wall thicknesses were observed in echocardiographic 2D short axis cine loops of the LV in TAC mice ( Figure 1A ). M-mode based LV mass measurements revealed that meanϮSEM LVM/BW was significantly (PϽ0.001) higher in TAC (4.07Ϯ0.1 mg/g, nϭ39), than in sham (2.8Ϯ0.06 mg/g, nϭ18), mice ( Figure 1B and supplemental Table II ). In addition, the meanϮSEM E/A wave ratio was significantly (PϽ0.05) larger in TAC animals (supplemental Table II ), consistent with diastolic dysfunction. 13 Fractional shortening, however, was similar (supplemental Table II) , and there was no evidence of altered systolic function or heart failure in TAC animals.
SYBR green quantitative RT-PCR revealed that expression of the hypertrophy markers 2 ANF (PϽ0.001) and ␤-MHC (PϽ0.05) was increased significantly in TAC, compared with sham, LV ( Figure 1C ), consistent with the presence of pathological LVH.
K ؉ Current Remodeling in TAC LV Myocytes
Whole-cell recordings revealed that meanϮSEM C m was significantly (PϽ0.001) higher in TAC, than in sham, LV myocytes (Table) . Consistent with the increased C m , peak Kv current (Figure 2A and 2C) and I K1 ( Figure 2B and 2G) densities were significantly (PϽ0.001) lower in TAC LV cells (Table) . The decay phases of the Kv currents in adult wild-type mouse ventricular myocytes are best described by the sum of 2 exponentials, reflecting the inactivating currents I to,f and I K,slow and a noninactivating current, I ss . 15 Kinetic analyses of the currents revealed that meanϮSEM I to,f ( Figure  2D ), I K,slow ( Figure 2E ), and I ss ( Figure 2F ) densities were significantly (PϽ0.001) lower in TAC, than in sham, LV myocytes (Table) . MeanϮSEM I to,f and I K1 amplitudes in TAC and sham LV myocytes, however, were indistinguishable ( Figure 2I ), suggesting that the reductions in I to,f and I K1 densities ( Figure 2J ) reflect only the increase in C m ( Figure  2H ). In contrast, meanϮSEM I K,slow amplitude was significantly (PϽ0.001) smaller and meanϮSEM I ss amplitude was significantly (PϽ0.01) larger in TAC, than in sham, LV myocytes ( Figure 2I ). The increase in I ss amplitude, however, was not enough to offset the increase in C m , and I ss density was decreased ( Figure 2J ). There were no differences in the kinetics or voltage dependences of the Kv currents in TAC and sham LV myocytes, and no significant differences in C m or current amplitudes/densities in TAC and sham RV myocytes were observed (Table) . APDs at 90% repolarization (APD 90 ) were significantly (PϽ0.01) longer in TAC, than in sham, LV myocytes, whereas resting membrane potentials and action potential amplitudes were not significantly different ( Figure 3A and supplemental Table III ). To assess the functional consequences of reduced K ϩ current densities and action potential prolongation, ECGs were obtained from anesthetized sham and TAC mice before and after surgery. Analysis of ECG recordings revealed significantly (PϽ0.05) longer QT and corrected QT (QT c ) intervals in TAC, compared with sham, mice ( Figure 3B and 3C and supplemental Table IV ). In addition, the J wave, corresponding to the early repolarization phase of murine ventricular action potentials, 20 was significantly (PϽ0.05) flattened or inverted ( Figure 3B and 3D and supplemental Table IV ), suggesting that the dispersion of ventricular repolarization is altered in TAC LV.
Regional Differences in the Effects of TAC-Induced LVH on K ؉ Currents
Regional differences in the remodeling of LV K ϩ currents would be expected to alter the dispersion of ventricular repolarization. 8 -11 Subsequent experiments focused, there- fore, on investigating the effects of LVH on repolarizing K ϩ currents in cells isolated from the EPI and ENDO surfaces of the LV wall. As previously reported in wild-type cells, 15 meanϮSEM I peak ( Figure 4A and 4C) , I to,f ( Figure 4D ), and I K,slow ( Figure 4E ) densities were significantly (PϽ0.001) higher in sham EPI, than ENDO, LV myocytes (Table) . Regional differences in current densities 15 have been suggested to contribute to the native transmural repolarization gradient. 21 There were also marked regional differences in the cellular effects of LVH. The reduction in I peak densities was more pronounced in TAC EPI, than ENDO, LV myocytes in spite of the fact that meanϮSEM C m was higher in TAC ENDO cells ( Figure 4A through 4C and the Table) . In addition, meanϮSEM I peak and I K,slow amplitudes were reduced significantly (PϽ0.001) in TAC EPI ( Figure 4G ), but not in TAC ENDO ( Figure 4H ), LV myocytes. MeanϮSEM I ss amplitude, in contrast, was increased significantly (PϽ0.001) in TAC ENDO ( Figure 4H ), but not EPI ( Figure 4G ), LV myocytes, and, as a result, I ss density was decreased in TAC EPI ( Figure 4I ), but not ENDO ( Figure 4J ), cells. Similar to results obtained in myocytes dispersed from whole LV, the reduced I to,f and I K1 densities in TAC EPI and ENDO myocytes ( Figure 4I and 4J) appear to reflect only cellular hypertrophy (increased C m ), because no changes in I to,f or I K1 amplitudes were observed in EPI or ENDO cells ( Figure 4G and 4H).
Molecular Basis of K ؉ Current Remodeling in TAC LV
Subsequent experiments examined the impact of TACinduced LVH on the transcript and protein expression levels of several channel pore-forming (␣) and accessory (␤) subunits encoding murine myocardial K ϩ channels. 14, 19, [22] [23] [24] Because accumulating evidence suggests that cardiac ion channels function as components of macromolecular complexes, 25 TaqMan low-density arrays 16 were exploited to allow quantitative determinations of multiple transcripts simultaneously. The amount of total RNA isolated from TAC LV was significantly (PϽ0.01) higher (1.7-fold on average) than from sham LV ( Figure 5A ). This observation is consistent with previous findings demonstrating that RNA synthesis/content in the LV is increased with hypertrophy, reflecting increased myocyte size, without an increase in myocyte number. 18 Transcript expression levels determined by quantitative RT-PCR on sham and TAC LV, and on EPI and ENDO LV, samples were, therefore, normalized to the LVM/BW determined in each animal. Consistent with the increase in total RNA, expression of several endogenous control genes (18S RNA, GAPDH, HPRT, RNA polymerase II [RNA Pol II]) 17 was increased in TAC, compared with sham, LV ( Figure 5B ).
In contrast with the global increases in transcript expression with hypertrophy, transcript expression of the I to,f channel ␣ subunits Kv4.2 (KCND2) and Kv4.3 (KCND3) 19, 24 was not significantly different in TAC and sham LV, and expression of the I to,f channel accessory subunit KChIP2 (KCNIP2) 24 was actually slightly lower in TAC LV ( Figure 5C ). The expression of transcripts encoding I K1 channel ␣ subunits Kir2.1 (KCNJ2) and Kir2.2 (KCNJ12), 23 and of the K2P channel subunit TASK1 (KCNK3), which has been suggested to underlie I ss in rat cardiomyocytes, 26 as well as TASK2 (KCNK5), was unaffected in TAC LV ( Figure 5C ). In contrast, expression of the transcripts encoding I K,slow1 and I K,slow2 channels Kv1.5 (KCNA5) and Kv2.1 (KCNB1), 14, 22 as well as of the K2P channel subunit TREK1 (KCNK2), was increased in TAC LV ( Figure 5C ). The expression levels of several other Kv ␣ subunits Kv1.4 (KCNA4), Kv4.1 (KCND1), and KvLQT1 (KCNQ1), as well as a number of K ϩ channel regulatory proteins including Kv␤1 (KCNAB1), Kv␤2 (KCNAB2), minK (KCNE1), KChAP (Pias3), PSD-95 (post-synaptic density 95 protein), and filamin C, were also increased in TAC LV ( Figure 5C ).
Analyses of transcript expression in EPI and ENDO LV samples from sham and TAC animals revealed no regional differences in remodeling. As in wild-type LV, 15 KCND2 expression was significantly (PϽ0.001) higher in sham EPI, than ENDO, LV ( Figure 5D ). This gradient was maintained in TAC LV, and expression of KCND3 and KCNIP2, as well as KCNJ2 and KCNJ12, transcripts was also similar in TAC EPI and ENDO ( Figure 5D ), consistent with the similarities in I to,f and I K1 amplitudes in TAC and sham EPI and ENDO LV myocytes (Figure 4) . The transcript expression levels of Kv1.5, Kv2.1, and TREK1, as well as SAP-97, which has been postulated to play a role in Kv1.5 trafficking, 27 were increased similarly in TAC EPI and ENDO LV ( Figure 5D ).
Western blot experiments were performed to determine the (total and/or cell surface) expression levels of several Kv channel subunit and regulatory proteins. Similar to the RNA data and in accordance with previous reports, 18 total LV protein content was significantly (PϽ0.01) higher (1.2-fold on average) in TAC, compared with sham, LV ( Figure 6A ). To compare protein expression in sham and TAC LV and in sham and TAC EPI and ENDO LV samples, therefore, protein loading on SDS-PAGE gels was normalized to reflect the LVM/BW. Consistent with the global increase in protein content ( Figure  6A) , expression of the endogenous (transferrin receptor 17 ) control protein, as well as the structural proteins filamin C and ␤-actin, was increased significantly (PϽ0.05) in TAC, com- pared with sham, LV ( Figure 6B and 6C) . Consistent with the transcript data ( Figure 5 ), however, no significant differences in the expression levels of the I to,f (Kv4.2, KChIP2) or I K1 (Kir2.1, Kir2.2) channel subunit proteins were observed in TAC and sham LV ( Figure 6B and 6C) . Further experiments revealed no regional differences in the impact of LVH: Kv2.1 and ␤-actin expression were increased in both TAC EPI and ENDO LV, whereas Kv4.2, TASK1, and TASK2 expression were unaffected ( Figure 6D through 6F) . Cell surface Kv2.1 expression was also increased in TAC LV (Figure 7) . Interestingly, however, although total TASK1 protein expression was unchanged ( Figure 6 ), cell surface TASK1 expression was markedly in-creased in TAC, compared with sham, LV myocytes (Figure 7) , in parallel with the increase in I ss amplitude (Figure 2 ).
Discussion
LVH in TAC Mice
The experiments here revealed that pathological LVH is clearly evident in TAC mice 7 days following surgery. In parallel with the increase in LVM/BW, mean LV myocyte size, as determined by C m measurements, was increased with TAC, in agreement with previous reports. 8, 28 In contrast to these earlier reports, however, there was no evidence that mean LVM/BW or myocyte size continued to increase at longer times (up to 3 months) after TAC. Also, in contrast to the effects on LV cells, there were no differences in mean C m in TAC and sham RV cells, demonstrating that the cellular hypertrophy is specific for the LV.
Alterations in Repolarizing Kv and Kir Currents in TAC LV Myocytes
Kv current and I K1 densities were markedly lower, and action potentials were prolonged in TAC, compared with sham, LV myocytes. In addition, QT c intervals were increased in TAC mice. Reduced Kv current densities and action potential prolongation are consistent findings in experimental LVH models [3] [4] [5] [6] [7] [8] [9] 11 and in failing human hearts. 10, 29 The analyses completed here, however, revealed that cellular hypertrophy (increased C m ) is the main factor in determining reductions in I to,f and I K1 densities, because the mean amplitudes of these currents in TAC and sham LV cells were not significantly different. In contrast, mean I K,slow and I ss amplitudes were altered in TAC LV myocytes, suggesting that functional I K,slow and I ss channel expression is modulated with LVH.
Regional Differences in the Effects of TAC-Induced LVH
As described in failing human hearts, 10 as well as in various LVH models, 8, 9, 11 the experiments here revealed marked regional differences in the effects of LVH. Specifically, I peak and I K,slow densities were attenuated more in TAC EPI, than TAC ENDO, LV myocytes. The larger reduction in (I peak / I K,slow ) densities in TAC EPI cells reflects the decrease in I K,slow amplitudes, which were not affected in TAC ENDO cells.
In contrast to previous reports, 8 -11,28 however, the experiments here also revealed that the cellular responses to pressure overload are heterogeneous. Specifically, cellular hypertrophy was greater in TAC ENDO, than TAC EPI, LV myocytes. This regional difference may reflect the higher wall tension applied to the ENDO, as compared with the EPI, LV surface. 30 No changes in mean I to,f , I K,slow , and I K1 amplitudes were detected in TAC ENDO myocytes; the reductions in the densities of these currents in TAC ENDO cells appear to reflect only the increased cell size. Interestingly, however, mean I ss amplitude was significantly increased in TAC ENDO myocytes, partially compensating for the increase in cell size. Because this increase occurs only in TAC ENDO LV myocytes, where the increase in cell size is greater, it is tempting to speculate that ENDO I ss channels undergo remodeling to compensate (although inefficiently) for cellular hypertrophy/stretch. The marked reduction in the functional expression of EPI I K,slow channels, together with the increased expression of ENDO I ss channels, collapses the transmural Kv current gradient in TAC LV and is reflected in the alteration in the polarity of the J wave on ECG recordings.
Molecular Remodeling of K ؉ Channels in TAC-Induced LVH
Reductions in the densities of specific K ϩ currents in the diseased myocardium have previously been reported to be associated with alterations in the expression of the subunits underlying these currents. 3, 4 In the molecular/biochemical analyses completed here, however, no significant changes in the expression levels of the I to,f (Kv4.2, Kv4.3, KChIP2) or I K1 (Kir2.1, Kir2.2) channel subunits in TAC (EPI and/or ENDO) LV were observed, consistent with the observed similarities in I to,f and I K1 amplitudes in TAC EPI and ENDO LV myocytes. As previously demonstrated, 18 the hypertrophic growth of cardiomyocytes with LVH is characterized by an increase in cell size without significant changes in cell number. In agreement with these previous reports, 18 TACinduced LVH was associated with global increases in LV RNA and protein expression. Because cardiomyocytes con-tribute more than 90% to the total mass of the myocardium, 1 the increase in LVM, as well as in RNA and protein content, with LVH predominantly reflects cardiomyocyte enlargement. Taken together, therefore, the results here suggest that the reductions in I to,f and I K1 densities in TAC LV reflect the fact that the expression of the subunits encoding these channels is not increasing as the cells are enlarging.
In contrast to I to,f and I K1 , mean I K,slow amplitude was markedly reduced in TAC EPI myocytes, suggesting downregulation of functional I K,slow channels. Unexpectedly, however, Kv1.5 and Kv2.1 transcripts were increased with TAC. Although the lack of an anti-Kv1.5 antibody that can detect endogenous Kv1.5 in cardiomyocytes reliably precluded analyses of Kv1.5 protein expression, biochemical data presented here demonstrate increased total and cell surface Kv2.1 protein expression in TAC EPI and ENDO LV. If Kv1.5 protein expression increases in parallel with KCNA5, the loss of functional I K,slow channels must reflect altered expression of yet to be identified I K,slow accessory and/or regulatory subunits and/or altered posttranslational processing of the Kv1.5 and/or Kv2.1 proteins.
The experiments here also revealed that I ss amplitude was increased in TAC ENDO LV myocytes. Whereas the transcript and total protein expression levels were unchanged in TAC EPI and ENDO, the cell surface expression of TASK1 was markedly increased in TAC LV myocytes. These results are consistent with recent findings demonstrating a role for TASK1 in the generation of I ss in rat cardiomyocytes. 26 vated with LVH, 18 the expression of channel subunits do not increase corresponding to the increase in cell size. Therapeutic strategies aimed at reducing cellular hypertrophy or increasing the functional expression of repolarizing K ϩ channels would, therefore, appear to be promising approaches in the treatment of LVH-associated ventricular arrhythmias.
